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Abstract: The opening-closing alternations of the mouth were viewed
as the articulatory basis of speech rhythm. Such articulatory cycles have
been observed to highly correlate with the intensity curve of the speech
signal. Analysis of the intensity variability in English monolingual chil-
dren and adults revealed that (1) adults showed significantly smaller
intensity variability than children, and (2) intensity variability decreased
from intermediate-aged children to older children. Maturation of articu-
latory motor control is likely to be the main reason for the reduced vari-
ability in articulatory cycles, and hence smaller intensity variability in
adults and older children.
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1. Introduction
Speech rhythm is multidimensional,1 yet the majority of rhythm models were heavily
based on the durational dimension in some way.1,2 The present study investigated the
development of speech rhythm in first language (L1) from the perspective of intensity
variability between syllables. Such intensity-based rhythm measures (intensity measures
hereafter) may augment our understanding of the developmental patterns of L1 rhythm
beyond the durational dimension.3–5
Historically, studies on speech rhythm predominantly focused on placing
world languages into stress-, syllable-, or mora-timed classes based on the impressionis-
tic judgment of isochronous grouping units.6,7 However, failed attempts to find empiri-
cal evidence of isochrony motivated researchers to develop a number of rhythm met-
rics (which quantify the duration variability of the vocalic or consonantal intervals) to
segregate languages traditionally labeled as stress-, syllable-, or mora-timed.8–10 These
metrics surely helped us understand how suprasegmental duration features explain
some perceptually salient rhythmic differences in a number of languages.8 However,
they also oversimplified the complexity of speech rhythm by taking only the duration
aspect into account, neglecting the roles of other acoustic features including intensity.1
What is speech rhythm? From an evolutionary viewpoint, it evolved from the
pre-existing cyclical jaw movements in ancestral primates.11–13 These movements were
found to be important facial gestures in non-human primate communications.12 In the
course of human evolution, jaw cycles were coupled with vocalization: mouth opening
is typically associated with sonority, and mouth closing, obstruency.11,12 Such opening-
closing gestures are temporally organized into syllable-sized units corresponding to
amplitude modulations; the frequency (5Hz) at which these units recur is the basis of
speech rhythm and is crucial to the neurological processing of the speech signal.14,15
By calculating the spectral characteristics of the amplitude modulations, the recurring
frequencies underpinning rhythmicity can be revealed.16,17 In other words, the opening-
closing alternations form the syllabic “frames,” and the open and closed phases are
filled with vocalic and consonantal “contents,” respectively.11 A plethora of studies on
speech rhythm merely focused on the duration variability of these vocalic and conso-
nantal contents using rhythm metrics (see Nolan and Jeon1 and He and Dellwo2 for
reviews), including studies on L1 rhythm acquisition.3–5 They found that younger chil-
dren typically manifested less durational variability for both vocalic and consonantal
intervals.
Measuring speech rhythm in terms of intensity variability was motivated by
the observed phenomenon that the size of mouth aperture and the signal intensity co-
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vary: a bigger mouth opening area corresponds to a higher intensity level and vice
versa.14,18 The opening-closing gestures (i.e., the articulatory basis of speech rhythm)
constantly change the vocal tract shape, and hence its filter characteristics acting upon
the source signal, modifying its spectral properties and the intensity levels as a conse-
quence. Therefore, the opening-closing cycles can be approximated by the signal inten-
sity fluctuations. In fact, Bolton19 in the late 19th century has astutely noted the dual
roles of duration and intensity in rhythm. He used “rhythmicity” to refer to the tempo-
ral variability of a sound sequence, and “rhythmicality,” the loudness variability. To
investigate speech rhythm characteristics more fully, not only should we measure the
rhythmicity, but also the rhythmicality. Compared to the amount of duration-based
studies, intensity-based rhythm research was sporadic.2,20–23
In order to measure the intensity variability in the speech signal, the mean
intensity of each syllable was calculated; thus, the intensity generated by each opening-
closing cycle was estimated. Next, the overall and sequential intensity variabilities of
each utterance were, respectively, measured in terms of the standard deviation and
pairwise variability index1,20 of syllable intensities (see Sec. 2.2 for details). Such mea-
sures evaluated the variabilities in articulatory cycles of mouth movements across an
utterance.
The motivation to investigate intensity variability in both children and adults
came from the fact that the articulatory motor control differs in children and adults
(see Smith24 for a comprehensive review of this topic). Particularly pertinent to the
development of L1 rhythm is Sch€otz et al.25 They examined the variability of the inter-
lip aperture at the vermillion border in the midsagittal plane (which captured the joint
effects of both jaw and lips) among participants with an age range of 5 to 31 years,
and found that the mouth aperture variability across an utterance decreased as age
increased. This means that the cyclical mouth movements vary in different age groups.
Hence, the resultant intensity variability, or rhythmicality should also vary between
children and adults.
The aim of this study is thus to capture such rhythmical differences in both
children and adults using intensity measures (Sec. 2.2). I hypothesize that the intensity
variability would be smaller in adults than in children, and amongst children intensity
variability would also decrease with age. I expect that both overall and sequential mea-
sures show similar patterns between age groups, because no research, insofar as I am
aware of, indicated an age effect on the overall versus sequential articulatory
variabilities.
2. Method
2.1 Corpus
The corpus constructed by Polyanskaya and Ordin3,26 was used for this study. This
corpus comprises three age groups of monolingual British English-speaking children
(YC, IC, and OC, see Table 1 for details) and one group of monolingual British
English-speaking adults (AD, see Table 1 for details). All speakers produced 33 senten-
ces prompted by the same pictures, hence all speech materials were, one the one hand,
semi-spontaneous, and on the other hand, controlled for linguistic contents. All speech
materials were recorded in mono using a Samson C01U Pro condenser microphone
(Samson Technologies, Hauppauge, NY), and digitized at a sampling rate of 48 kHz
and at a bit-depth of 16. Acoustic shields were used to reduce echoes and possible
background noise; all speakers were sitting still in front of the microphone.31
Annotations with different phonetic details were available; particularly relevant to this
study were the syllable boundaries. Syllabifications were based on Wells,27 and the
boundary placements were dependent upon the actual phonetic realizations, rather
Table 1. Demographic details of the speakers in the corpus.
GROUP GROUP abbreviation n Age rangea Median agea
Younger children YC 12 (2 females) 4;7–5;6 5;3.5
Intermediate-aged children IC 10 (6 females)b 7;4–8;5 7;10
Older children OC 9 (2 females) 10;3–11;7 11;1
Adults AD 10 (6 females) 25–50 42.5
aAge in children groups is expressed in terms of years;months.
bThere were 21 intermediate-aged children in the original corpus. Ten were randomly selected in order to keep a
balanced size comparable to other groups.
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than the intended realizations.26 More information about the corpus is available in
Polyanskaya and Ordin.3,26
2.2 Signal processing and measurements
The intensity curve of each sentence was extracted from the original waveform follow-
ing these steps: (1) The DC offset of each signal was cancelled. (2) The amplitude of
each sample was squared. (3) A Kaiser-Bessel window (b¼ 20, sidelobe ripples attenu-
ated by ’190 dB) with a length of 0.032 s was used to convolve the squared signal
repeatedly (frame shift¼ 0.008 s, 75% between-frame overlap). (4) For each windowed
frame, the sum of squares (SoS) of the sample values was computed and substituted in
10  log{[SoS/(2 105)]2/0.032} to obtain the intensity level (unit: dB re 20 lPa) in
each particular frame. (5) The intensity curves of all sentences were finally linearly nor-
malized such that the new average intensity equated to 65 dB (re 20lPa), while main-
taining the shapes of the original curves.
Intensity measures were then calculated from the intensity curves. For a sen-
tence with n syllables, the mean intensity of each syllable (Ii, i n 2 Zþ) was obtained;
this gives an estimate of intensity generated by each articulatory cycle corresponding
to a syllable. To capture the intensity variability of this sentence, the standard devia-
tion (stdev-I) and pairwise variability index [PVI-I ¼ (jI1 – I2j þ jI2 – I3j þ  þ jIn–1
– Inj)/(n – 1)]1,20 were calculated. They accounted for the overall and sequential inten-
sity variability across an utterance, respectively.
2.3 Statistical analysis
Linear mixed models (by-item design, i.e., repeated for SENTENCE) fitted by maximum
likelihood were used for data analysis. The stdev-I and PVI-I were modeled as depen-
dent variables. In a full model, GROUP (YC, IC, OC, and AD, see Table 1) was mod-
eled as the fixed factor, and SENTENCE was modeled as the random intercept. In a
reduced model, GROUP was eliminated. To test the effect of GROUP, a likelihood ratio v2
test was run between a full model and a reduced model; a significant v2-statistic would
indicate that the GROUP effect was significant. Post hoc comparisons between groups
were made using least square means. The Tukey method was used to adjust p-values.
3. Results
The GROUP effect was significant for both stdev-I (F[3,1317]¼ 12.77, p< 0.0001) and
PVI-I (F[3,1317]¼ 16.12, p< 0.0001). The results of likelihood ratio tests for model com-
parisons are presented in Table 2. Post hoc comparisons (see Fig. 1) indicated a gen-
eral developmental pattern of rhythmicality from children to adults; nevertheless, the
differences between YC and IC as well as YC and OC were not significant for both
stdev-I and PVI-I.
4. Discussion
The results generally conformed to the hypothesis that adults manifest smaller supra-
segmental intensity variability than children, and the pattern was similar for both
stdev-I and PVI-I (see Fig. 1). Moreover, among children groups, OC was significantly
smaller than IC in terms of both stdev-I and PVI-I (though the differences between
YC and IC/OC were not significant). Given that a strong association exists between
the mouth aperture size and the intensity curve,14,18 one can reasonably argue that the
general decrease of intensity variability across an utterance from childhood to adult-
hood, to a large extent, is a consequence of the decremented inter-lip aperture variabil-
ity en route to maturation.25 Further support to this claim is offered by Smith and
Zelaznik28 who investigated how the functional synergies for speech motor coordina-
tion developed from children to adults. They discovered that children exhibited less
Table 2. Results of likelihood ratio tests for model comparisons between the full and GROUP-reduced models.
The v2-statistics were significant for both stdev-I and PVI-I. The full models showed smaller AICs and BICs,
suggesting better model fits.
Df AIC BIC logLikelihood ratio Deviance v2[Df] p
(i) Dependent variable: stdev-I
GROUP-reduced model 3 6659.1 6674.7 3326.5 6653.1
Full model 6 6627.2 6658.5 3307.6 6615.2 37.8[3] 0.0001
(ii) Dependent variable: PVI-I
GROUP-reduced model 3 7381.5 7397.1 3687.8 7375.5
Full model 6 7339.9 7371.2 3664.0 7372.9 47.6[3] 0.0001
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consistent motion relationship among the upper lip, lower lip, and jaw in sentence pro-
duction. In contrast, adults showed more regular coupling patterns among these articu-
lators. Such developmental patterns generally conformed to the patterns of measured
rhythmicality between children (IC and OC) and adults of the present study. On the
one hand, immature neuro-motor control of the articulators in children may be the
reason for their high articulatory and hence intensity variability; on the other hand,
the developing craniofacial architecture in children may constrain the biomechanical
properties of the articulators from manifesting more regular and consistent articulatory
cycles typically found in adults.28 The results implied that the development of the artic-
ulatory motor control from childhood to adulthood may result in reduced variability
in the articulatory cycles underpinning speech rhythm, which may be measurable using
intensity measures. The exact relationships between articulatory movements and inten-
sity variations across different age groups are subject to further research.
Nevertheless, the intensity variability of the YC group was unexpected.
Studies on the development of speech motor control25,28 showed that the five-year olds
exhibited the least regular articulatory coordination, yet their intensity variability was
not significantly different from other children groups (IC and OC). This suggests that
articulatory regularity may not be the only driving force for intensity variations.
Another source contributing to intensity may be the aerodynamics in speech produc-
tion. Stathopoulos and Weismer29 found that the intraoral air pressure was not signifi-
cantly different between 4 to 8 and 10 to 12 years old English speaking children. This
might explain the non-significant differences between YC and IC/OC in the intensity
measures, since the overall aerodynamics were similar across these ages. How aerody-
namic characteristics and articulatory movements actually interact to influence inten-
sity dynamics as a function of age is subject to more in-depth research.
The results of this study complement our understanding of rhythm acquisition
in L1. Comparing the results from Polyanskaya and Ordin3 using duration-based
rhythm measures, we can observe an opposite pattern between children and adults:
duration variabilities of consonantal and vocalic intervals increase as a function of age.
This suggests that the timing of the vocalic/consonantal contents and the intensity
organization of syllable frames are two independent processes, even though both of
them are the acoustic outcomes of the same speech motor commands. Whether the
perceived differences in rhythm between children and adults are more due to the dura-
tion dimension or the intensity dimension or both is subject to more research.
For further research, it is important to study speech rhythm development
using languages with different phonological complexities (which requires different
degrees of articulatory control), and test whether similar results would replicate.
Moreover, to better understand the role of articulatory movements in the production
of speech rhythm in different populations (e.g., speakers of different age groups, differ-
ent languages, or having different forms of speech pathologies), it is imperative to
record articulatory trajectories to characterize speech rhythm, possibly by analyzing
Fig. 1. (Color online) Error bar plots showing the differences between the four groups (YC, IC, OC, and AD)
in terms of stdev-I (a) and PVI-I (b). The means and 95% confidences intervals (1.96  standard errors) are
shown next to the error bars. The p-values of post hoc comparisons are marked; “ns” means non-significant
(p> 0.05).
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the coherence spectrum14,30 between the signals from the articulatory and the acoustic
domains.
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